Abstract. Understanding differences in Alzheimer's disease biomarkers before the pathology becomes evident can contribute to an improved understanding of disease pathogenesis and treatment. A decrease in amyloid-␤ (A␤) 42 in cerebrospinal fluid (CSF) is suggested to be a biomarker for A␤ deposition in brain. However, the relevance of CSF A␤ levels prior to deposition is not entirely known. Dogs are similar to man with respect to amyloid-␤ protein precursor (A␤PP)-processing, age-related amyloid plaque deposition, and cognitive dysfunction. In the current study, we evaluated the relation between CSF A␤ 42 levels and cognitive performance in young to middle-aged dogs (1.5-7 years old). Additionally, CSF sA␤PP␣ and sA␤PP␤ were measured to evaluate A␤PP processing, and CSF cytokines were measured to determine the immune status of the brain. We identified two groups of dogs showing consistently low or high CSF A␤ 42 levels. Based on prior studies, it was assumed that at this age no cerebral amyloid plaques were likely to be present. The cognitive performance was evaluated in standard cognition tests. Low or high A␤ concentrations coincided with low or high sA␤PP␣, sA␤PP␤, and CXCL-1 levels, respectively. Dogs with high A␤ concentrations showed significant learning impairments on delayed non-match to position (DNMP), object discrimination, and reversal learning compared to dogs with low A␤ concentrations. Our data support the hypothesis that high levels of CSF A␤ in dogs coincide with lower cognitive performance prior to amyloid deposition. Further experiments are needed to investigate this link, as well as the relevance with respect to Alzheimer's disease pathology progression.
death. Amyloid-␤ (A␤) plaques in the brain are one of the neuropathological hallmarks of Alzheimer's disease [1] . The "amyloid cascade hypothesis" proposes that cerebral amyloidosis is likely an early and initiating event of AD pathogenesis. Plaques are composed mainly of A␤ x-42 peptides, which have the tendency to form aggregates and to precipitate [2, 3] . Moreover, the disease process, as evidenced by an increased amyloid deposition in the brain and lowering of A␤ 42 in cerebrospinal fluid (CSF), begins years before clear 764 
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dementia symptoms appear [4] . Therefore, it is generally recognized that AD is a progressive disease and that disease modifying treatments should be tested as early as possible in the disease process to increase the likelihood of their success [5, 6] . The identification of early risk factors for AD will allow early identification of patients and thus increase the chance of a successful outcome of treatment strategies.
Dogs develop cerebral amyloid plaques with increasing age and are used as a natural model of age-dependent cognitive dysfunction [7] [8] [9] [10] . There is a high level of homology between human and canine amyloid-␤ protein precursor (A␤PP) isoforms and the proteases implicated in the amyloidogenic and non-amyloidogenic A␤PP processing pathways, as well as in the enzymes implicated in A␤ degradation [11] . Consequently, the profile of A␤ isoforms [12] and the turnover of A␤ in the CSF of dogs are comparable to those seen in human CSF [13] . The association between brain and CSF A␤ with aging in dogs is similar to that observed in AD patients, such that percent A␤ 42 in CSF decreases with increased plaque load in brain [9] . Impairment on specific cognitive domains is linked to brain-region specific amyloid load and cerebral atrophy measured by magnetic resonance imaging [14] . The pattern of age-dependent cognitive decline in dogs parallels that of AD with early impairments seen in shortterm working memory and executive function [15] . Collectively, the cross-sectional studies examining age-related differences in canine cognitive function, A␤ pathology, and in vivo AD imaging biomarkers support the use of the aging dog as a model of AD progression. However, longitudinal studies examining the temporal relationship between biomarkers and cognitive dysfunction are lacking, particularly in young subjects.
The current study sought to expand on the utility of the dog as a model of AD progression by examining the relation between CSF A␤ 42 level and cognitive function in young to middle-aged beagle dogs, being 1.5 to 7 years old. Specifically, dogs were selected from a larger colony from which A␤ concentrations in CSF sampled from lateral ventricle were measured over a period of approximately two years. Since beagle dogs start to develop amyloid plaques from an age of 8 years onwards [9] , it was assumed that amyloid deposition in the brain of these dogs would be minimal or absent. Thus, the rationale was to evaluate how differences in CSF A␤ 42 concentrations impacted cognitive performance in dogs unlikely to demonstrate cerebral amyloid deposition. Specifically, two groups of dogs, one with low and one with high CSF A␤ 42 concentrations, were identified for further evaluation using standard laboratory cognition tests [16] .
Additional analyses were done on CSF to characterize the dogs with different CSF A␤ 42 concentrations further. The measurements of sA␤PP␣ and sA␤PP␤ provide an indication on the status of the ␣-and ␤-secretase A␤PP-processing pathways. A panel of cytokines was measured, since the immune system may interact with A␤-peptides.
MATERIALS AND METHODS

Selection of animals
Over a period of two years, A␤ 37 , A␤ 38 , A 40 , and A␤ 42 levels were measured at multiple time points in CSF from 73 beagle dogs (35 males and 38 females). CSF was sampled from the lateral ventricle in conscious animals [17] . The age of the animals varied from 1.5 to 7 years. From this group, ten animals with low mean A␤ 42 levels in CSF (6 males and 4 females) and ten animals with high mean A␤ 42 levels (4 males and 6 females) were selected (Fig. 1) . These animals showed low (<600 pg/ml) or high (>600 pg/ml) A␤ 42 concentrations in >60% of the samples, with 600 pg/ml being approximately the median value of the whole population (Fig. 2 ). Only animals with at least three measurements were considered for inclusion. The A␤ 42 concentrations were consistent with the other A␤ peptides measured, i.e., animals with low or high A␤ 42 levels also showed low or high concentrations of the other A␤ peptides. The ratio of A␤ 42 /A␤ 40 was comparable between the groups (Fig. 3) . The mean age, 49 ± 14 months (min 27 -max 72 months) and 49 ± 19 months (min 19 -max 73 months) and body weight, 9.4 ± 1.1 kg (min 7.5 -max 10.6 kg) and 9.1 ± 1.1 kg (min 6.8 -max 10.6 kg) for the dogs in the low and high A␤-group, respectively, were also comparable (individual ages at time of sampling are shown in Supplementary Figure 1) . All studies were approved by the local animal ethical committee and all studies were conducted in facilities accredited by national institutions adhering to AAALAC guidelines. A␤ 42 (JRF/cA␤42/26) were coated on MSD 4-plex 96-well plates. Plates were blocked with casein buffer (0.1% casein in phosphate buffered saline (PBS) buffer) for 1-4 h at room temperature. After washing, standards and prediluted samples (1/2 dilution of the samples) were incubated in MSD 4-plex plates (Mesoscale Discovery) overnight at 4 • C together with SULFO-TAG-labeled human-specific detection antibody JRF/A␤N/25. The SULFO-TAG emits light upon electrochemical stimulation initiated at the electrode surface of the 4-plex plates. After overnight incubation, plates were washed and assays were developed using 2x Read Buffer (Mesoscale Discovery) according to the manufacturer's recommendations and plates were read on MSD Sector Imager 6000. CSF samples contaminated with blood were not used in the analyses.
Multiplex immunoassay method for
All calibration standards and study samples were analyzed in duplicate. The results were averaged and treated as a single value for all further calculations only if replicate CVs were less than or equal to 20.0%. Any sample not meeting this criterion was excluded from any further calculation. The lowest limit of quantification, determined as the lowest calibrator concentration for which overall CV and bias were ≤25.0%, was 4.57 pg/ml for all A␤-peptides measured.
Immunoassay method for quantification of sAβPPα and sAβPPβ in CSF
Specific quantification of sA␤PP␣ and sA␤PP␤ in dog CSF was performed using MSD's electrochemiluminescence detection technology. sA␤PP␣ and sA␤PP␤ standards were obtained in stock solution (50.0 g/mL of recombinant human sA␤PP␣ or sA␤PP␤) as part of the MSD 96-Well MULTI-SPOT sA␤PP␣/␤ Assay kit ® and further diluted in antibody dilution buffer to 0.411 ng/ml. Purified monoclonal antibodies 6E10 (beta amyloid, 1-16; Covance) and JRD/sA␤PP/23 (in house) were coated on multi-array 96-well Plate SECTOR Standard MSD plates. Plates were blocked with casein buffer (0.1% casein in PBS buffer) for 1 h at room temperature. After washing, standards and prediluted samples (1/8 for sA␤PP␣ and 1/3 for sA␤PP␤) were incubated for 1 h at room temperature. After washing, SULFO-TAG-labeled detection antibodies, JRD/sA␤PP/23 for sA␤PP␣ or J&J/PRD/sA␤PP␤/2 for sA␤PP␤ were incubated for 1 h at room temperature. Plates were washed and assays are developed using 1x Read Buffer T with surfactant (MSD) according to the manufacturer's recommendations and plates were read on MSD Sector Imager 6000. CSF samples contaminated with blood were not used in the analysis.
All calibration standards and study samples were analyzed in duplicate. The results were averaged and treated as a single value for all further calculations only if replicate CVs were less than or equal to 20.0%. Any sample not meeting this criterion was excluded from any further calculation. The lowest limit of quantification, determined as the lowest calibrator concentration for which overall CV and bias were ≤25.0%, was 1 ng/ml for both sA␤PPs measured.
Multiplex immunoassay method for quantification of cytokines
CSF samples were stored at -80 • C until analysis and all measurements were performed on a Magpix multiplex immunoassay instrument (Luminex), using xPonent 4.2 and BioPlex Manager 6.2 (Bio-Rad) for data analysis. The Milliplex MAP Canine Cytokine/Chemokine Magnetic Bead Panel (CCYTOMAG-90K, Millipore) was used according to the kit insert to determine GM-CSF, IFN␥, IL-2, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, IP10, KC-like (CXCL-1), MCP-1, and TNF␣ levels in all CSF samples described above.
Cognition testing Apparatus and general procedures
All cognitive testing was conducted in a standardized test apparatus and employed food-reward based procedures as described previously [18] . Specifically, for each cognitive test, the dog entered a chamber separated from the tester and test preparation area by an opaque barrier. The barrier prevented the dog from seeing the tester or test preparation procedures, but allowed the tester to observe the dog through a oneway glass. The tester prepared the three-well test tray between test trials by placing a food reward in the correct well and by placing appropriate objects on the tray such that the correct object, as applicable, was placed over the food reward. During a test trial, the tester presented the objects to the dog on a sliding tray (Fig. 4) , and after an inspection interval, allowed the dog to select and move an object with its snout. If the dog selected the correct object or location, the food reward was uncovered and could be consumed by the dog. A correction procedure was used in which a dog was permitted to correct their response only after the first incorrect response within a daily test session.
All dogs underwent a standardized pre-training procedure described previously [18] , which included acclimation, reward approach learning, and object Fig. 4 . The cognitive test apparatus used for canine cognitive testing. The dog enters the test chamber via the ramp and is separated from the experimenter by an opaque barrier with a one-way mirror. The computer prompts the experimenter with respect to correct location of the test objects and records responses by key press. approach learning before being tested on object discrimination and reversal learning followed by delayed non-matching to position task (DNMP) learning. A dedicated computer program (VariCog, CanCog Technologies Inc., Toronto, Canada) that controlled location randomization across trials and sessions and that allowed testers to record subject responses by key-press was used for all tasks described below.
Reward and object approach learning (procedural learning)
Reward and object approach learning are procedural learning tasks used to shape subject responses for subsequent cognitive tests. During reward approach learning, dogs were required to locate in which of three wells a food reward was placed and to consume it before proceeding to subsequent trials. During object approach learning, dogs were required to move an object placed over one of the three wells so that the food reward beneath could be retrieved. Dogs were required to achieve a minimum of 16/21 correct responses on a single day or 9/10 correct responses on 10 consecutive trials, before proceeding to the next phase of pre-training. Cumulative errors to pass each task were used to evaluate group differences.
Object discrimination and reversal learning
Prior to object discrimination learning, a preference test was conducted for each dog in which two objects were randomly placed over the two lateral food wells each containing a food reward. The object selected most frequently over 10 trials was considered the preferred object. For object discrimination learning, dogs were presented with both objects over 20 trials during each daily session and the food reward was always located in the well underneath the preferred object. Once the learning criteria was achieved, dogs were tested on the object discrimination reversal task, which was identical to the object discrimination learning task except that the non-preferred object always covered the well with the food reward. The learning criteria for both tasks consisted of two stages. The first stage required dogs to respond correctly on a minimum of 18/20 correct trials on a single day or a minimum of 16/20 (80%) trials over two consecutive days. The second stage required dogs to respond correctly on a minimum of 28/40 (70%) trials over the subsequent two consecutive days. Errors to pass were used to evaluate group and task differences.
DNMP
The DNMP has been described previously [8, 19] . Briefly, each trial of the DNMP consisted of a sample, delay, and choice phase. During the sample phase, an object was presented over a food reward placed in one of the three positions on the food tray. After the dog obtained the food reward, the 5-s delay period was initiated immediately after the tray was removed from the dog's sight. During the delay phase, the tester prepared the tray for presentation during the choice phase. After the delay, the choice phase was initiated in which the dog was presented with two objects, which were identical to that used in the sample phase, but one was located over the sample position and the other covered a food reward in one of the remaining two (non-match) position. The correct response was to select the object in the non-match position (Fig. 5 ). There were 12 trials per daily session and the learning criteria consisted of two stages. For the first criterion stage, a minimum of 11/12 (90%) correct responses on a single day, 10/12 (80%) correct responses over two consecutive days, or 29/36 (80%) correct responses over three consecutive days were required. The second criterion stage required dogs to perform above 70% accuracy over the subsequent three days.
Statistics
A hierarchical model was fit to the sA␤PP␤, sA␤PP␣, and cytokine data with the A␤ group (high or low A␤ 42 levels) and period as fixed effect and a random intercept to account for the nested structure of the data, i.e., the replicated samples within the same animal.
Differences between A␤ groups on cognitive tests were evaluated by comparing mean cumulative errors to pass tasks. A␤ group comparisons were conducted using analysis of variance (ANOVA). For the object discrimination and reversal learning task a repeatedmeasures three-way ANOVA was used with task (discrimination and reversal) serving as a withinsubject variable and with A␤ group (low and high A␤ 42 concentration) and age (<5 year = young versus >5 year = old) serving as between-subject variables. For the other tasks, a two-way ANOVA was used with A␤ group (low and high A␤ 42 concentration) and age (young versus old) serving as between-subject variables. Fisher's post-hoc test was used to evaluate task, age and group differences as appropriate. Additionally, analyses examining correlations between CSF A␤ 42 levels and errors conducted on cognitive tests for each A␤ 42 group, as well as for all subjects collectively. The cognitive test analyses were conducted using the Statistica 11.0 (StatSoft, Tulsa, OK, USA) software package with significance set to p < 0.05.
RESULTS
sAβPPα, sAβPPβ, and cytokines
sA␤PP␣, sA␤PP␤, and cytokines were measured in eight animals of each group. Lower and higher sA␤PP␣ and sA␤PP␤ concentrations in CSF were measured in the low and high A␤ groups, respectively (Fig. 6) . The high A␤ group had an average of 48 ng/ml sA␤PP␣ in CSF, whereas the the low group had an average of 29 ng/ml (p = 0.0001). For sA␤PP␤, the average values were 68 and 41 ng/ml in the high and low A␤ groups, respectively (p < 0.0001). Only the cytokines IL-8, KC-like (CXCL-1) and MCP-1 could be measured, all other analytes (GM-CSF, IFN␥, IP10, IL-2, IL-6, IL-7, IL-10, IL-15, IL-18 and TNF␣) were below or only slightly above the lower limit of quantification. IL-8 and MCP-1 concentrations were comparable between both groups (data not shown). CXCL-1 was higher in the high A␤ group compared to the low A␤ group (Fig. 7) . Average values were 140 and 95 pg/ml in the high and low A␤ group, respectively (p = 0.0215).
Cognition tests
Two dogs in the high A␤ group did not complete the cognitive phase of the study. One animal died as a consequence of congestive heart failure during the object discrimination task, therefore this dog's data were excluded from the object discrimination and reversal learning analysis. One dog was euthanized due to uncontrollable seizures during discrimination reversal learning and therefore errors to pass this task were not included in the object discrimination and reversal learning analysis. Both mortalities were considered coincidental and unrelated to the experiment or their CSF amyloid status. Thus, at least two dogs in the young (<5 y) low A␤ group, seven in the old (>5 y) low A␤ group, three in the young high A␤ group, and four in the old high A␤ group were included in the analyses.
Reward and object approach
All dogs passed both tests and there were no statistically significant group differences on either task (Fig. 8 ) nor was CSF A␤ 42 level correlated with performance on either task.
Discrimination and reversal learning
All dogs in the low A␤ group passed discrimination and reversal learning. In the high A␤ group, nine out of nine animals passed discrimination learning and eight out of eight passed reversal learning. The ANOVA revealed significant effects of both task (F(1,14) = 18.30; p < 0.001) and A␤ group (F(1,14)= 7.21; p < 0.05). Mean cumulative errors were significantly higher during reversal learning regardless of group, and the high A␤ group showed significantly more errors overall (Fig. 9) . No main age effects or interactions were found, although errors on the discrimination learning (r(16) = 0.54, p < 0.05) and reversal learning (r(16) = 0.49, p < 0.05) tasks were correlated significantly and positively with CSF A␤ 42 levels when all subjects were considered (Fig. 9) .
Delayed non-match to position (DNMP)
All dogs, but one, that passed object discrimination reversal learning also passed the 5-s DNMP such that 10 subjects in the low A␤ group and 7 subjects in the high A␤ group passed. One subject in the low A␤ group proved to be an outlier substantially exceeding 2.5 standard deviations of the population mean and therefore was excluded from the statistical analysis. The resultant analysis indicated significantly (F(1,12) = 10.19; p < 0.01) higher cumulative errors to learn the DNMP at 5 s in the high A␤ group compared to the low A␤ group (Fig. 10) . A significant main effect of age group (F(1,12) = 7.18; p < 0.05) and a marginally significant interaction between A␤ group and age (F(1,12) = 3.84; p = 0.073) was found with aged dogs performing more poorly than young. The interaction reflected a significant impairment in aged dogs with high A␤ (Fig. 10) . Moreover, errors on the DNMP learning were correlated significantly (r(14) = 0.55, p < 0.05) and positively with CSF A␤ 42 levels when all subjects were considered (Fig. 10) .
DISCUSSION
CSF A␤ 42 concentration has proven to be a reliable biomarker for predicting conversion to AD and the decrease in CSF A␤ 42 reflects brain amyloid deposition [20] . Nearly all data examining CSF A␤ 42 , as a biomarker for AD progression are from humans older than 40-50 years and reflect age-matched healthy controls for comparison to AD patients. Data in younger populations, before amyloid deposition is expected, are scarce. In young adults with autosomal dominant familial AD genetics, an overproduction of A␤, resulting in increased CSF A␤ levels, is shown 25 years prior onset to AD symptoms [21, 22] . In canine aging, amyloid deposition, which coincides with a decrease in CSF A␤ 42 , is seen in dogs from approximately 8 years onwards [9] . In the current study, the dogs were 1.5-7 years old and therefore unlikely to have significant age-related cerebral amyloid deposition. Thus, the dogs in the current study likely correspond to humans ranging from young adult to middle age. Although quantification of A␤ 42 on different plates precludes comparisons of absolute values, the dogs included in the current study had consistently low or high concentrations of CSF A␤ 42 than the population mean, which was approximately 600 pg/ml of A␤ 42 in CSF. We have shown previously that A␤ concentrations differ from one compartment to another [23] , and thus the absolute values of CSF A␤ 42 in the current study can only be compared with concentrations in CSF obtained under the same conditions. sA␤PP␤ as well as sA␤PP␣ were higher in the high A␤ group, indicating that the difference in A␤ concentrations between the groups might be related to an increase in expression level and/or overall processing of A␤PP.
Sources of the chemokine CXCL-1, a ligand of CXCR2, in the brain include microglia, astrocytes, endothelial cells and infiltrated neutrophils [24] . It is a cytokine which is basally secreted by non-stimulated astrocytes [25] . Quiescent microglia are very active in maintaining brain homeostasis and show high mobility and cytokines secretion [26, 27] . It is also known that microglia can be activated by A␤ oligomers [28, 29] and that the formation of A␤ oligomers appears to be dependent on the levels of A␤ production [30] . Therefore, although A␤ oligomers were not measured in the current study, a higher concentration of A␤ oligomers is hypothesized in dogs with higher A␤ levels, which could lead to increased activation of microglia and consequently increased production of CXCL-1.
Object discrimination and reversal learning, as well as DNMP learning, are standard age-sensitive cognition tests used to evaluate and compare cognitive performance among laboratory dogs. At the onset of the study, the goal was to follow changes in cognitive performance in both A␤ groups as the dogs aged, however a difference in learning ability between both groups was found at this relatively young age. The learning impairments reported here were unlikely related to brain amyloid deposition. A more likely explanation is that increased A␤ processing resulted in increased levels of A␤ and possibly increased levels of amyloid oligomers contributed to the learning impairments reported here [31] ; however, other mechanisms linked to a higher CSF A␤ concentration cannot be ruled out. Interestingly, the finding that old dogs with high CSF levels of A␤ were significantly impaired compared to young dogs in the same amyloid group on the DNMP, but not object discrimination and reversal learning is consistent with previous findings indicating DNMP learning is impaired early in canine aging [15] .
Although the differences in learning ability between the A␤ groups were statistically significant, confirmation of these results in additional animals is warranted. An important obstacle in performing confirmatory studies is the difficulty in identifying dogs with consistent low and high CSF A␤ levels. A sufficiently long screening period in a large population is required to confidently select individual dogs based on CSF A␤ levels. Nevertheless, the current finding suggests that high A␤ 42 early in life may be linked to learning impairments in dogs. The translational value of this observation is yet to be determined, therefore follow-up studies in these and other dogs may provide further insight on the impact of CSF A␤ 42 levels on cognitive status and may contribute to the identification of early biomarkers of risk factors that predict the trajectory of AD progression.
CONCLUSION
In the current study, dogs with high CSF A␤ 42 levels, at an age where no deposition of amyloid in brain was expected, demonstrated learning impairments on standard cognition tests. The data suggest that high levels of A␤ 42 , possibly due to increased A␤-peptide production and/or the anticipated subsequent increase in amyloid oligomers are predictive of significant learning impairments. The translational value of these findings is yet to be determined. However, since these learning impairments likely precede cerebral amyloid deposition, this finding suggests that high CSF A␤ 42 may serve as an early biomarker for AD-like cognitive impairment, which can present early in disease progression. Therefore, CSF A␤ 42 screening of young people with a family history of AD or with learning disabilities is recommended. If these findings are confirmed, available A␤ lowering therapies should be evaluated for treatment and/or prevention of learning deficits in this patient population.
